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Abs t rac t - -Prev ious  research on the short-time dissolution behavior of kaolinitic Oxisols suggested pH- 
dependent kinetics involving ligand-promoted dissolution, metal readsorption, and colloidal dispersion, 
with soil organic matter conjectured to play a decisive role. A novel combination of spectroscopy, light- 
scattering, and batch dissolution experiments, conducted at controlled pH and ionic strength over five 
dissolution periods ranging from 1 to 12 h, was applied to evaluate this mechanism for samples of a 
representative kaolinitic Oxisol collected at both forested and cultivated field sites (leading to significant 
differences in organic matter content and field soil pH). The overall characteristics of the pH-dependent 
net release kinetics of A1, Fe, and Si by the soil samples, for any dissolution period in the range 
investigated, were determined by the pH value at which colloid dispersion commenced, which decreased 
significantly as the soil organic matter content increased. Plots of log (Si /AI  released) (or Si /Fe released) 
vs. - l o g  [ H ÷ ] ( [ H ÷ ] is proton concentration) were superimposable for all dissolution periods studied, 
rising to a plateau value above the point of zero net charge of the soils (pH 3.2). Light-scattering and 
X-ray diffraction data showed conclusively that this plateau represented the release of siliceous colloids 
containing kaolinite and X-ray amorphous material. X-ray diffraction, UV-visible diffuse reflectance 
spectroscopy, and electron spin resonance spectroscopy, applied to the soil samples before and after 
dissolution, and after conventional chemical extractions to remove A1, C, Fe, and Si, showed that kaolinite 
and iron oxide phases (the latter being highly Al-substituted and present in both coatings and occlusions) 
were essentially unaltered by dissolution, even at - l o g  [H ÷] = 2, whereas substantial dissolution loss 
of soil quartz occurred. Diffuse reflectance spectroscopy gave strong evidence that C in these soils occurs 
principally in discrete solid phases, not as a reactive coating on mineral surfaces. Copyright © 1997 
Elsevier Science Ltd 

1. INTRODUCTION 

Nonspodic forested soils in the humid tropics comprise solid- 
phase mixtures of quartz, secondary kaolinite accompanied 
by small amounts of aluminum and iron oxides with trace 
amounts of hydroxy-vermiculite, and humified organic mat- 
ter (Herbillon, 1980). The secondary soil minerals can differ 
substantially from their geologic counterparts in respect to 
composition, particle size, and reactivity toward dissolved 
solutes (Schwertmann and Herbillon, 1992; Singh and 
Gilkes, 1993). Adding to the complexity of these soil solid 
phases is their potential to retain oxide, clay mineral, and 
organic matter as either coatings or occlusions that develop 
from precipitated products of biogeochemical weathering 
(Mulder and Stein, 1994; Michalopoulos and Aller, 1995). 

Chorover and Sposito (1995b) recently measured the 
three-hour release kinetics of A1, Fe, Si, and C from four 
representative kaolinitic tropical soils (Oxisols) during batch 
dissolution experiments that were conducted at controlled 
pH and ionic strength (LiC1 background electrolyte). The 
net release of Al and Fe from a soil, plotted as a function 
of pH, exhibited a distinct point of minimum dissolution 
(p.m.d.), at which metal release was least over the pH range, 
2 -7 .  The values of the p.m.d, were somewhat above the 
point of zero net charge (p.z.n.c.) of the soils. The net release 
of C and Si by the soils showed a much weaker pH depen- 
dence, although the molar ratio of Si to A1 released (and of 
Si to Fe released) grew to achieve a plateau above the p.m.d., 
in part because of released A1 and Fe readsorption as pH 
was increased (Chorover and Sposito, 1995b). Finding that 
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oxalate-extractable A1 in the soils was approximately equal 
to the maximum A1 released after 3 h dissolution, Chorover 
and Sposito (1995b) conjectured that organic matter played 
an important role in the soil dissolution process. Above the 
p.m.d., A1, Fe, and Si were released in colloidal particulate 
forms. Colloids extracted from the soils were investigated 
in greater detail by Chorover and Sposito (1995c), who 
found that they dispersed readily at pH - p.z.n.c, and exhib- 
ited very low isoelectric points (i.e.p.) ---2.5, well below 
those typical of aluminum or iron oxide minerals (Sposito, 
1992). These and other experimental results led Chorover 
and Sposito (1995c) to suggest that organic matter coatings 
on the colloids might have a significant role in their disper- 
sive behavior. 

The study of Chorover and Sposito (1995b), although 
illuminating, was conducted only for a single, fixed dissolu- 
tion period of 3 h, which was selected primarily because it 
was longer than the time required for the equilibration of 
pH (<20  rain), while being short enough to avoid reaching 
steady-state dissolution conditions (Chorover and Sposito, 
1995a). Whether a p.m.d, would exist for short-time dissolu- 
tion periods less than or longer than 3 h is unknown, and 
no direct information is available about the exact disposition 
of organic matter or its effects on dissolution of the minerals 
in the Oxisols they investigated. In the present paper we 
extend the experiments of Chorover and Sposito (1995b) to 
include 1, 3, 6, 9, and 12 h of dissolution at controlled pH 
and ionic strength, and we apply light-scattering methods, 
X-ray diffraction, UV-visible diffuse reflectance spectros- 
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copy,  and e lec t ron  spin resonance  spec t roscopy  to ascertain 
the fate o f  minera l  and organic  mat ter  phases  as d issolut ion  

proceeded .  The pr incipal  ob jec t ives  o f  our  s tudy were  to 

e lucidate  the or igin o f  the p.m.d,  and to examine  the behav io r  

o f  key so l id-phase  c o m p o n e n t s  in kaolinit ic  Oxiso ls  dur ing 
shor t - t ime dissolut ion.  

Chorove r  and Sposi to  ( 1995b )  found  that net  AI and Fe 
re lease  f rom the  four  Oxiso ls  they inves t iga ted  was not  sensi-  

t ive to the con ten t  o f  crysta l l ine  a luminum and iron oxides  
or  kaolinite.  Therefore ,  jus t  one  o f  their  representa t ive  soils 

(M a na us  ser ies )  was  used  in the p resen t  study. On the o ther  

hand,  they d id  infer  that p lant  canopy  d i f fe rences  ( fo res t  
cover  vs. row crops  in annual  ro ta t ion)  impac ted  both  the 

d issolut ion  character is t ics  and the col lo idal  chemis t ry  o f  the 

soils ( C h o r o v e r  and Sposi to ,  1995b,c) .  Therefore ,  two dif-  
ferent  samples  o f  the Manaus  soil, co l lec ted  in p rox imate  

fores ted  or cul t ivated  field plots,  were  used  in our  exper i -  

ments .  

2. EXPERIMENTAL METHODS 

2.1. Soil Samples 

Samples of the surface horizon of a kaolinitic soil, collected at 
an EMBRAPA experiment station 30 km outside Manaus (Ama- 
zonas State, Brazil), were provided in 1991 by Dr. Cheryl Palm 
(Natural Resource Ecology Laboratory, Colorado State University ). 
The soil is classified in the U.S. Soil Taxonomy as a Xanthic Haplu- 
dox (Oxisol order). Details of the field sampling procedures and 
overall characterization of the soil are given by Motavalli et al. 
(1994, 1995). One sample (MF1) was obtained at a moist tropical 
rainforest site, whereas the other (MC) was obtained from a nearby 
experimental site that had been under continuous cultivation since 
1982 (annual com-cowpea rotation). The soil samples were stored 
moist at 4°C prior to use in the dissolution experiments. 

Physical and chemical properties of the two soil samples have 
been described in detail by Chorover and Sposito (1995b). Both 
samples contain 75 wt% clay and both have a point of zero net 
charge (p.z.n.c.) at 3.2. Sample MC differs from sample MFI by 
containing less C (1.7 vs. 3.3 wt%) and having a higher saturated- 
paste pH value (5.3 vs. 4.2). These differences are typical of culti- 
vated vs. uncultivated acidic soils. 

2.2. Dissolution Experiments 

2.2.1. Batch experiments 

Batch dissolution studies of the two soil samples suspended in 
0.005 mol kg -~ LiC1 at 22 _+ 2°C were conducted following the 
procedure of Chorover and Sposito (1995b). Briefly, each soil sam- 
ple was prepared in homoionic form, by reaction with LiCI solution, 
to remove exchangeable lithogenic cations, including AI 3+ that 
would be a complicating source of rapidly-mobilized AI (Chorover 
and Sposito, 1995b). Mixed solutions of LiCI/HCI/LiOH were 
combined with the homoionic soil paste to yield a suspension with 
a solids concentration of 10 g kg i and - l o g  [H + ] values between 
2 and 6. Equilibration of the proton concentration was always rapid 
(variation --<0.2 in log [H ÷ ] after equilibrating 0.3 h) on the time- 
scale of the dissolution experiments, as noted also by Chorover and 
Sposito (1995b). Therefore, constant values of - l o g  [H ÷ ] were 
sustained for essentially 12 h in the dissolution experiments. At 
initial - l o g  [H ÷ ] < 4, equilibration produced no detectable change 
in proton concentration, whereas at initial - l o g  [H + ] > 4, there 
was an immediate shift toward equilibration near - l o g  [ H +] = 5.5. 
The suspensions were rotated gently for 1, 3, 6, 9, or 12 h, then 
centrifuged at 27,000 RCF for 20 min to separate the supematant 
solution. This aqueous phase was subsampled immediately to mea- 
sure - l o g  [H÷],  the remainder then being acidified to pH 2 with 
HNO3 and stored at 4°C prior to chemical analysis. The residual soil 
paste also was stored at 4°C in sealed centrifuge tubes. 

2.2.2. Chemical analyses 

Concentrations of AI, Ca, Fe, Mg, and Si in the supernatant solu- 
tion were measured by inductively-coupled plasma atomic emission 
spectroscopy (ICPAES) using a Perkin-Elmer Plasma 40 spectrome- 
ter. Calibration solutions were prepared on a mass basis using IC- 
PAES reference standards. The LiC1 solution used in the dissolution 
experiments was also analyzed. The concentration of dissolved or- 
ganic carbon (DOC) in the supernatant solutions was measured by 
UV-promoted persulfate oxidation followed by infrared detection 
with a Dohrmann DC-80 carbon analyzer. Proton concentrations in 
the supernatant solutions were measured with an Orion-Ross combi- 
nation electrode calibrated by Gran titration as described by Choro- 
ver and Sposito (1995a). After LiC1 saturation, triplicate 500 mg 
subsamples of soil paste were transferred to acid-washed, oven-dried 
ceramic crucibles. The pastes were dried to constant mass at I l 0°C 
to determine water content. Millimoles of AI, C, Ca, Fe, Mg, and 
Si released per kilogram of dry soil were then calculated. 

2.2.3. Light-scattering experiments 

Light scattered by the acidified supernatant solutions that were 
separated after the dissolution experiments was measured in quartz 
cells using a Perkin-Elmer MPF-66 luminescence spectrophotometer 
with excitation and emission wavelengths fixed at 643 nm. Succes- 
sive readings of time-integrated (20 s) scattering intensities were 
taken. Light scattered by 0.005 mol kg -~ LiC1 solution as used in 
the dissolution experiments was measured in the same way, its inten- 
sity then being subtracted from that of the supernatant solution to 
determine the colloidal light scattering intensity. The superuatant 
solutions separated after 9 h dissolution at - l o g  [H ÷ ] = 5 (sample 
MC ) or 6 (sample MF1 ) were freeze-dried and saved for mineralogi- 
cal analysis of the solid residue. 

2.2.4. Mineralogical analyses 

X-ray diffraction (XRD) was used to identify crystalline minerals 
in unfractionated soil samples, both before and after the dissolution 
experiments, as well as in the residual solid material recovered from 
the supematant solutions by freeze-drying them after separation. 
Powder diffractograms were recorded with a PW 1710 vertical goni- 
ometer (40 KV, 30 mA) using CoKce radiation (Xco = 1.7902 A).  
Data were collected in the step-scanning mode, counting radiation 
for 15 s in 0.03 °20 increments between 3 and 120 °20 for the soils, 
and for every 20 s in 0.04 °20 increments between 3 and 70 ° 20 for 
the colloidal particles. One-degree ( 1 °) divergence and antiscattering 
slits and a 0.2 mm receiving slit were used. Peak positions were 
calibrated with a Si plate. The soil samples were backmounted in 
A1 holders by packing them against cardboard to obtain a flat surface 
while minimizing preferential particle orientation. The colloidal par- 
ticle samples obtained by freeze-drying of the supernatant solutions 
did not have sufficient mass to permit backmounting. Instead, they 
were allowed to settle in ethanol on a Si plate wrapped with At foil. 

X-ray diffraction lineshapes for the soil samples prior to dissolu- 
tion were computed with the Rietveld refinement procedure, which 
uses a model to approximate an actual crystal structure. This proce- 
dure does not require determination of individual Bragg intensities, 
since each data point in the diffractogram is used as an observation 
in the structure refinement. Parameters were varied (least-squares 
method) until the differences between observed and calculated dif- 
fraction patterns were minimized (Post and Bish, 1988; Bish and 
Von Dreele, 1989). Quantitative analysis of the diffraction data was 
performed using the XND code (B&ar, 1990, cited by Morin, 1994) 
to obtain estimates of the percentages of component crystalline 
phases in the soils. The Voigt function was used to fit the individual 
reflection profiles. 

2.3. Spectroscopic Measurements 

2.3.1. Diffuse reflectance spectroscopy ( DRS ) 

The two soil samples were examined by DRS over the wavelength 
range 200-800 nm both prior to and after the dissolution experi- 
ments, as well as after conventional chemical extractions that re- 
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moved A1, C, Fe, and Si (see Table 2). Extraction with either aque- 
ous 1:1 methanol solution or aqueous 1:10 H202 solution was used to 
remove organic matter by stirring in suspension for 1 h at laboratory 
temperature. Sodium dithionite-citrate-bicarbonate extraction (DCB; 
(Mehra and Jackson, 1960) was combined with the dithionite-Tamm 
(ammonium oxalate + oxalic acid) extraction as adapted by H6tier 
and Jeanroy ( 1973 ). Samples were shaken end-by-end in a waterbath 
at 80°C for 1 h in each extraction. This combined extraction is 
purported to remove Fe in oxides irrespective of their crystalline 
order. The ammonium oxalate extraction of Tamm (1922) is consid- 
ered to remove A1, Fe, and Si in poorly-ordered inorganic as well 
as in organic chemical forms. Samples were shaken 4 h at laboratory 
temperature with exclusion of light. Extraction with sodium pyro- 
phosphate (Farmer et al., 1983 ) was performed to remove A1 and Fe 
in organic chemical forms. Samples were shaken 16 h at laboratory 
temperature. Selected samples of the two soils taken after the disso- 
lution experiments also were studied by DRS. 

Diffuse reflectance spectra in the UV-visible range were obtained 
in digital form using a Cary 2300 spectrophotometer. Measurements 
were referenced to a Halon standard (Weidner and Hsia, 1981 ) and 
fit to cubic spline functions to reduce spectral noise (Reinsch, 1967 ). 
Soils are usually neither completely transparent nor completely 
opaque to incident visible light, i.e., soil particles partly absorb and 
partly scatter the light. The Kubelka-Munk (KM) formalism takes 
into consideration light scattering as well as absorption processes to 
provide information about the nature of these particles (Wendlandt 
and Hecht, 1996; Barron and Torrent, 1986). A remission function 
F(R)  is defined by 

(1 - R) 2 K 
F(R)  

2R S 

in which R is the diffuse reflectance of a sample, and K and S are 
the absorption and scattering coefficients, respectively (Wendlandt 
and Hecht, 1996). The scattering coefficient S depends on particle 
size, as well as on particle shape and packing. The absorption coeffi- 
cient K depends on the nature of the absorbers in the scattering solid 
phases. The use of the KM formalism thus gives a general synopsis 
of the effects of soil texture and mineralogy on optical spectra. 
Remission functions obtained in the present study were normalized 
by the intensity of the OH overtone of kaolinite near 1400 nm. 

A typical diffuse reflectance spectrum of natural particulate mate- 
rials results from the superposition of absorption bands on a rising 
spectral slope that is related to particle shape, size, or orientation. 
Poorly-defined absorption bands can be located and poorly-resolved 
bands can be separated more precisely by examining the second 
derivative of the spectrum (Cahill, 1979; Huguenin and Jones, 1986; 
Malengrean et al., 1994, 1997). In the present study, this technique 
was used to detect iron oxides in the two soil samples and to monitor 
their status after the dissolution experiments. A detailed description 
of this type of application for second-derivative DRS is given by 
Malengreau et al. (1996). Band positions were determined from 
minima in second-derivative curves to within _+3-4 nm, as estimated 
by Malengreau et al. (1994) considering spectrometer resolution 
and the errors caused by numerical smoothing and calculation of 
derivatives. 

2.3.2. Electron spin resonance ( ESR ) spectroscopy 

Air-dried powder samples of the two soils, prepared before and 
after dissolution, were packed into quartz ESR tubes to a uniform 
height of 15 ram, following which spectra were recorded at X-band 
(ca. 9.74 GHz) and Q-band (ca. 34 GHz) frequencies on a Broker 
ESP 300E spectrometer. The higher-frequency Q-band gives greater 
sensitivity and increases the separation between electron spin energy 
levels, allowing the acquisition of better-resolved spectra. The fixed 
experimental parameters were: 100 kHz modulation frequency, 50 
mW microwave power, 5 G or 15 G amplitude for the modulation 
field, and a time constant ranging from 0.163 to 0.327. The ESR 
spectra were recorded at room temperature. Spectroscopic g-values 
were calibrated by comparison with a 1,1-diphenyl-2-picryl hydrazyl 
(DPPH) standard (gDPPn = 2.0036). 

3. RESULTS 

3.1.  P o i n t  o f  M i n i m u m  D i s s o l u t i o n  

The time-trends of  net A1, Fe, and Si release from both soil 
samples during dissolution (data not shown) were similar, 
showing a gradual rise in moles released with increasing 
dissolution time if  - l o g  [H ÷ ] < 4, but a general decline if  
- l o g  [H ÷ ] > 4. The time-trends of  net C, Ca, and Mg 
release (data not shown) were quite different from those of  
AI, Fe, and Si, exhibiting a broad maximum near 6 h (C)  
or 3 h (Ca and Mg) ,  irrespective of  the value of  - l o g  [ H +]. 

Graphs of the net moles of  A1, C, and Si released from 
the two soil samples as a function of  - l o g  [H ÷ ] at fixed 
equilibration time are shown in Figs. 1-3 .  For A1 release, a 
point of  minimum dissolution (p.m.d.) was observed near 
- l o g  [H +] = 3 for sample MF1 only for equilibration times 
< 6  h, whereas for soil sample MC, a p.m.d, near - l o g  
[H +] = 4 was quite discernible at all equilibration times 
investigated. After 6 h equilibration, sample MF1 showed 
only a monotonic decline in net A1 release with increasing 
- l o g  [H ÷ ] (Fig. 1). Significant scatter in the analytical 
release data was apparent at - l o g  [H +] > 4, suggesting the 
presence of particulate matter (note error bars in Fig. 1). 
The same pattern was exhibited by Fe release (data not 
shown).  Release data for Si (Fig. 2) showed a weak mini- 
mum at - l o g  [H ÷ ] ~ 3 - 4  for both soil samples, again with 
much scatter in the data at - l o g  [H ÷ ] > 4. Organic C net 
release (Fig. 3) also showed a broad, weak minimum near 
- l o g  [H +] ~ 3 - 4  for both soil samples at all equilibration 
times, but without the large increase in data scatter noted 
for A1, Fe, and Si. 

Light scattering at 643 nm by the supernatant solutions 
separated from the soil suspension increased dramatically 
for - l o g  [H ÷ ] > 4, especially for sample MF1, at any 
equilibration time up to 12 h (data not shown),  confirming 
the more limited observations of  Chorover and Sposito 
( 1995b, Fig. 8). It is evident that colloidal particles retained 
in the supernatant solutions, even after centrifugation at 
27,000 RCF, contributed to the elemental concentrations 
measured by ICPAES analysis. Plots similar in trend to Fig. 
9 in Chorover and Sposito (1995b) were obtained by substi- 
tuting the logarithm of A1, Fe, or Si concentration for that 
of H ÷ as independent variable at equilibration time <12  h 
(data not shown),  whereas no particular trend with DOC 
was discernible. 

X-ray diffractograms of  the freeze-dried colloidal particles 
in the supernatant solutions (Fig. 4) showed only a few 
sharp peaks, most of  which correspond to reflections from 
kaolinite (Bailey, 1980), superimposed on a noisy, curvilin- 
ear background. Peaks at 2.03 and 3.68 ,~ are from A1 foil 
used in the sample holder. The broad band centered around 
3 .6-3 .8  ,~ is similar to that which is observed both for 
amorphous silica (Kastner, 1979; Singh and Gilkes, 1993) 
and for soil humic substances (Stevenson, 1994). This broad 
band is much more prominent in sample MF1 than in MC. 

3.2.  S o l i d - P h a s e  T r a n s f o r m a t i o n s  

X-ray diffractograms for the unfractionated soil samples 
are shown in Fig. 5. Each is dominated by peaks attributable 
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to kaolinite (K) and quartz (Q) (Table 1 ). The minor crys- 
talline phases present are gibbsite (Gi), goethite (Go), ana- 
tase (An), and ruffle (Ru). Structural disorder is apparent 
in the diffractograms, particularly in the 021, 111 reflections 
(22-26 ° 20 CoKc~) and in the two sets of 131, 201 reflections 
(40-46 ° 20 CoKa ), the degree of disorder being reminiscent 
of that observed commonly in tropical soil kaolinites (Her- 
billon, 1980; Santos et al., 1989; Schwertmann and Herbil- 
Ion, 1992). The abundance of kaolinite makes quantification 
of the metal-oxide phases difficult, especially as to whether 
a poorly crystallized iron oxide is actually goethite or hema- 
tite. The major difficulty in quantifying these latter solid 
phases in association with kaolinite arises from the near 
congruence of the goethite and hematite 110 reflections (also 
the anatase 101 and rutile 110 reflections) with the most 
intense XRD peaks for kaolinite. The only clear diffraction 
line for iron oxides is observed at 2.69-2.70 A; unfortu- 
nately, it is common both to goethite (130 reflection) and 
hematite (104 reflection). After dissolution for 12 h at - log  
[ H +] = 2 (the longest reaction time and largest proton con- 
centration investigated), none of the crystalline solid phases 
detected in the soil samples had disappeared (Fig. 5), and 
no change in the apparent degree of structural disorder of 

kaolinite was observed. However, a significant decrease in 
the intensity of the quartz peaks in the XRD pattern was 
seen. Calculations based on Rietveld refinement (Table 1 ) 
indicated that more than one-half of the quartz mass had 
been lost from the two soil samples. 

Diffuse reflectance spectra of the two soils, without re- 
moval of organic matter, are presented in Fig. 6a. The spectra 
show broad absorption bands from electronic transitions in 
iron and titanium oxides, superimposed on a falling back- 
ground (hereafter termed the continuum function) caused 
by light-scattering. The intense band observed at 300 nm 
can be attributed to Fe 3+ -O charge-transfer transitions (Kar- 
ickhoff and Bailey, 1973), while the sharp edge-feature oc- 
curring at about 370 nm is from Ti-O charge-transfer transi- 
tions. Its position, intermediate between that for rutile (403 
nm) and that for anatase (359 nm), indicates that both pri- 
mary and secondary titanium oxide minerals are present 
(Malengreau et al., 1995). Between 400 and 800 nm, the 
spectra display absorption bands caused by rearrangements 
of the electron configuration in d-orbitals of iron oxides (ca 
430 and 495 nm for goethite and 525 nm for hematite). 
These bands are similar in both spectra, although the MF1 
spectrum is shifted to higher values of the remission func- 
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Fig. 2. Silicon release from soils MF 1 and MC in 0.005 mol kg ] LiCl solution as a function of initial -log [ H +], 
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tion, in agreement with the gray color of sample MF1 and 
pale ochre color of sample MC. The second-derivative spec- 
tra (Fig. 7) indicate two bands at about 420 and 474 nm 
that can be assigned to highly substituted Al-goethite, since 
this latter band is shifted to shorter wavelengths as compared 
to unsubstituted goethite (492 nm, Malengreau et al., 1994, 
1997 ). A very weak band at about 525 nm indicates highly- 
substituted Al-hematite, but in very low quantity. High AI 
substitution of hematite and goethite, induced by low Si 
concentration and consequent high A1 concentration when 
these iron oxides are formed (Schwertmann, 1985), leads 
to resistance to dissolution (Malengreau et al., 1996). 

After DCB extraction, the absorption band for goethite 
shifted to that for unsubstituted goethite (496 nm) in both 
soils (Fig. 7). Malengreau et al. (1994) suggested that this 
can occur when iron oxide phases are occluded in kaolinite 
particles and the removal of iron oxide coatings permits 
spectroscopic detection of these occluded phases. The meth- 
anol, hydrogen peroxide, ammonium oxalate, and sodium 
pyrophosphate extractions resulted only in the entire diffuse 
reflectance spectrum being translated to lower values of the 
remission function, with the spectra of samples MFI and 
MC then becoming almost superimposable (data not 

shown). This result indicates that only the gray level (as 
measured at 800 nm) became lower, but that the size-distri- 
bution, the texture of the scattering particles, and the iron 
oxide concentrations all were similar after these four extrac- 
tions (Malengrean et al., 1994). This is strong evidence that 
organic matter occurs as a solid phase separate from the 
minerals in the soils. The spectral signature of organic matter 
coatings on the minerals would have been a broad absorption 
band ranging over the iron oxide spectrum in the visible 
range, such that this spectrum is obscured (Allard et al., 
1992). 

All of the post-dissolution spectra for both soils were 
similar to that shown for sample MC in Fig. 6b ( - l o g  [H ÷ ] 
= 4, 9h), with the exception of those for sample MF1 at 
pH 5 after 3 or 12 h reaction (data not shown) and for 
sample MC at - log  [H ÷ ] = 6 after 3 h reaction (Fig. 6b). 
The principal result was a uniform shift in the remission 
function, showing that only the gray level was modified. 
Thus, no conclusion about changes in solid-phase reactivity 
is possible, but it can be stated that the size-distribution, 
form, and texture of the scattering particles were not altered 
by dissolution, because the remission function was only 
translated. For some spectra, this translation was not uni- 
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Fig. 3. Carbon release from soils MF1 and MC in 0.005 tool kg ] LiC1 solution as a function of initial - log [H+], 
with dissolution period as a fixed parameter. 

form, showing a more important shift in the UV range. At 
- l o g  [H + ] = 6, in the cases noted above, the UV spectrum 
was flattened, while the 500-800  nm region remained un- 

3500, ' AI ' ' ' 

3000L - - ~ - -  ~a 

4.48 2.82 (7) I ' ' ~  MF1 
~ 1500 7.17 K(020)  [ 3.57 J t 2 . 3 3  

500 MC 

010 20 3~0 40 5'0 60 

*20 (CoK(x) 

Fig. 4. XRD patterns for colloidal particles recovered from freeze- 
dried supematant solutions after 9 h dissolution at - log [H + ] = 6 
(MF1) or 5 (MC). The strong Bragg reflections labeled AI are from 
an aluminum sample holder. The d-values (A) and mineral phases 
are indicated above each peak: K = kaolinite. 

changed or was translated toward different remission-func- 
tion values (Fig. 6b).  This wavelength-dependent behavior 
gave rise to spectral crossover that can be related to changes 
in particle form, size, and/or  organization. In the present 
case, this is likely to have been caused by the selective loss 
of  siliceous particles to the supernatant solution as a result of 
colloidal dispersion during dissolution. No spectral crossover 
was observed when light-scattering by the supernatant solu- 
tion was nil. 

The X- and Q-band ESR spectra of  samples MF1 and 
MC were similar and remained unaffected by the dissolution 
reaction, even after 12 h equilibration at pH 2 (data not 
shown). The Q-band ESR spectra had better resolution, 
allowing clear discernment of hyperfine structure (Fig. 8). 
The signal at g = 4 in Fig. 8a is from Fe 3+ in two crystaUo- 
graphically distinct sites (Hall, 1980; Brindley et al., 1986): 
rhombically-distorted and those with a slight axial distortion. 
The signal observed at g = 2 represents a broad resonance 
from superparamagnetic iron oxides superimposed on a 
sharp signal from paramagnetic centers that are radiation- 
induced defects (RID)  in kaolinite (Angel  et al., 1974; 
Muller and Calas, 1993b; Clozel et al., 1994). Around 
12,000 G, the ESR spectra show a sharp, intense feature 
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Table 2. Aluminum, silicon, and iron extracted (dry soil mass 
basis) by three chemical treatments: Na dithionite-citrate-bicarbonate 
(DCB); NH4 oxalate (TAMM); and Na pyrophosphate (PYRO). 
Mean deviations in parentheses. 

(mmol kg -~) 
Extraction 

Soil AI Si Fe 

4 0  5 0  

DCB 
MF1 143 (4) 6 (0.4) 42 (0) 
MC 169 (3) 12 (0.1) 44 (0) 

TAMM 
MFI 59 (1) 4 (0.7) 34 (2) 
MC 42 (2) 3 (0.2) 22 (1) 

PYRO 
MF1 77 (0) 26 (0.4) 39 (0) 
MC 90 (2) 26 (0.3) 44 (0) 
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Fig. 5. XRD patterns for soils MF1 and MC before dissolution 
(unreacted) and after 12 h dissolution at - log  [H +] = 2 (reacted). 
The d-values (A) and mineral phases are indicated above each peak. 
K = kaolinite, Q = quartz, Gi = gibbsite, Go = goethite, An = 
anatase and Ru = rutile. 

we noted an apparent six-line hyperfine structure superim- 
posed on the RID feature in the MF1 spectrum, but  very 
weak or absent in the MC spectrum. The l inewidth ( A B )  
between two of  the six-line components  is 30 G. This pattern 

4 

3 

:i 
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I , I I I I 

~ Fe3+-O charge transfer 

MF1.../..,.,. Ti oxide charge 

~ . ~ . . . i~ transfer edge 

MC 

I I I I I 

300 400 500 600 700 800 
wavelength (rim) 

corresponding to RID. All of  the other, nonlabeled features 
in Fig. 8a can be attributed to structural Fe (Meads  and 
Malden,  1975; Hall, 1980).  A broad signal centered on the 
12,000 G region can be assigned to superparamagnetic  iron 
oxides. Expanding the 11 ,000-13 ,000  G range (Fig. 8b) ,  

Table 1. Mineralogical composition of soil samples MF1 and 
MC as determined by Rietveld refinement of X-ray diffractograms 
(relative error is about 10%). 

(wt %) 

Soil Kaolinite Quartz Gibbsite Goethite Anatase Rutile 

MFI 77 18 0.4 1.2 3.5 0.9 
MFI diss" 85 8.0 0.4 1.3 3.9 1.1 
MC 76 19 0.4 0.6 3.6 1.0 
MC diss ~ 87 6.4 5 0.7 4.4 1.1 

a Soil sample reacted at pH 2 in 0.005 mot kg -~ LiCI for 12 h. 

4 
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wavelength (nm) 

Fig. 6. (a) Diffuse reflectance spectra of soils MF1 and MC in 
the UV-visible range, normalized to the OH overtone feature of 
kaolinite (1400 nm). (b) Diffuse reflectance spectra of soil MC 
before (unreaeted) and after 9 h dissolution at - log  [H + ] = 4, or 
3 h dissolution at - log  [H + ] = 6. 
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Fig. 7. Second-derivative diffuse reflectance spectra of soil MFI 
and MC in the UV-visible range before (solid line) and after ( dashed 
line) dithionite-citrate-bicarbonate treatment (DCB). 

is indicative of Mn 2+ (Meads and Malden, 1975; Hall, 
1980). 

4. DISCUSSION 

4 . 1 .  O r i g i n  o f  t h e  p . m . d .  

Perhaps the most striking difference between our dissolu- 
tion data and those of Chorover and Sposito (1995b) is the 
disappearance of a p.m.d, for AI release by sample MF1 after 
3 h equilibration, whereas sample MC exhibited a p.m.d, at 
all equilibration times investigated (Fig. 1). Despite this 
important difference, the trend in log (Si/A1) released vs. 
- log  [H + ] (Fig. 9) was very similar at all equilibration 
times, and for both soil samples, showing a gradual rise to 
a plateau value for - log  [H + ] > 4. The same was true 
for log (Si/Fe) released vs. - log  [H +] (data not shown). 
Chorover and Sposito (1995b) also observed a plateau, near 
log (Si/AI) ~ 0, for - log  [H + ] > 4. Further insight as to 
this trend in Si/A1 release is obtained by plotting the relative 
intensity of light scattering against log (Si/A1) for the super- 
natant solutions (Fig. 10). A very sharp maximum in the 

scattered light intensity near log (Si/A1) ~ 0.5 is seen for 
both soils irrespective of equilibration time. Plots of the data 
of Chorover and Sposito (1995b) made in this way also 
exhibited a sharp maximum, but at log (Si/A1) ~ 0 (data 
not shown). This light-scattering distribution indicates that 
the particles released into solution during our dissolution 
experiments have Si/AI molar ratios near 3 (and possibly 
near 1 in the experiments of Chorover and Sposito, 1995b). 
The rising portion of the graphs in Fig. 9 thus represents 
soluble released forms of Si and AI, while the plateau portion 
represents both soluble species and dispersed colloidal forms 
that are relatively enriched in Si. 

The p.m.d, in Figs. 1-3 appears to lie between 3 and 4. 
The p.z.n.c, of the two soil samples is near 3.2 and that of 
specimen Georgia kaolinite is near 3.5 (Schroth and Sposito, 
1997). The isoelectric point (i.e.p.) of kaolinite also is near 
3 (Buchanan and Oppenheim, 1968; Braggs et al., 1994); 
that of quartz is 2 -3  ( Sposito, 1992 ); and that of the Manaus 
soil colloids is in the range 2.0-2.5 (Chorover and Sposito, 
1995c). Thus the p.m.d., when observed, is near the p.z.n.c. 
of the soil, whose value is consistent with p.z.n.c, and i.e.p. 
data for both kaolinite and quartz. 

At - log  [H +] > p.z.n.c., colloid dispersion begins to 
occur because of an increasingly negative surface charge 

g=2 

RID 

MC 

a 

I I I I I 

0 2000 4000 6000 8000 10000 12000 14000 16000 
magnetic field (G) 

MF1 ' M n 2 +  ' 

~ 1 I I I E 

AB = 30 G 

11500 12000 12500 13000 
magnetic field (t3) 

Fig. 8. (a) Q-band ESR spectra (laboratory temperature) of soils 
MC and MF1 before dissolution. (b) Narrow-range Q-band ESR 
spectra (laboratory temperature) of soils MF1 and MC before disso- 
lution, showing Mn(H) features. 
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Fig. 9. Plot of log (Si/AI released) vs. initial -log [H ÷ ] for all 
dissolution periods investigated. 

buildup on kaolinite, quartz, and organic matter constituents. 
In soil sample MF1, the organic matter content is larger (but 
not the relative content of kaolinite or quartz, Table 1 ), the 
electrophoretic mobility of its colloids is more negative, and 
they flocculate at a substantially lower value of - l o g  [H ÷ ] 
than do the colloids in soil sample MC ( - l o g  [H ÷ ] = 3.0 
for MF1 vs. 4.0 for MC (Chorover and Sposito, 1995c). 
Kretzschmar et al. (1997) have found the pH value at which 
Georgia kaolinite flocculates to drop from pH 4.6 in the 
presence of humic acid DOC at 1 mg L - '  to pH < 3 when 
the humic acid DOC was increased to 4 mg L - ' .  Thus, the 
absence of a clear p.m.d, for net A1 and Fe release by sample 
MF1 at equilibration times >3 h is caused by the emergence 
of colloidal dispersion at a rather low - l o g  [H ÷ ] value ~ 3, 
which eventually masks the decline in soluble A1 and Fe 
release with increasing - l o g  [H+],  caused by metal read- 
sorption on increasingly negative solid surfaces (Chorover 
and Sposito, 1995b). 

4.2. Selective Dissolution of Quartz 

X-ray diffraction (Fig. 5) and spectroscopic data (Figs. 
6 - 8 )  indicated that kaolinite and iron oxides in the two soil 

samples were robust against short-term dissolution, even at 
- l o g  [H ÷ ] = 2. The ESR spectra of both soil samples did 
not suggest changes in the Fe(III) or RID paramagnetic 
centers, and the homogeneous distribution of Fe(III) ,  mainly 
in rhombically-disordered sites, also remained unchanged. 
These latter sites are thought to be at the boundaries of XRD- 
coherent domains (Gaite et al., 1993; Muller and Calas, 
1993a) and connected to impurities that destroy the regular- 
ity of the kaolinite crystal (Herbillon, 1980; Mestdagh et al., 
1980). The Mn 2÷ signal in the ESR spectra did decrease 
slightly after dissolution, however. The six-line hyperfine 
structure (Fig. 8b) is similar to that reported by Muller and 
Calas (1993a) for kaolinitic tropical soils, which they as- 
signed to Mn 2÷ in occluded outer-sphere surface complexes 
on kaolinite. The observed decrease of this signal suggests 
that these surface complexes were slightly sensitive to disso- 
lution. 

The iron oxides in soils MF1 and MC are Al-substituted 
trace solid phases with variable structural order well known 
for iron oxide minerals in Brazilian Oxisols (Santos et al., 
1989; Fontes and Weed, 1991 ). Electron microscope and 
XRD studies of kaolinite-iron oxide associations in Oxisols 
(Cambier and Prost, 1981; Boudeulle and Muller, 1988; San- 
tos et al., 1989; Fontes, 1992) show the occurrence of iron 
oxides as both coatings and separate solid phases. The occur- 
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rence of organic matter as a separate solid phase also has 
been noted in these soils (Santos et al., 1989) and was 
strongly indicated in the present study by the merely uniform 
displacement of the diffuse reflectance spectra after chemical 
extraction of  organic matter. 

A significant loss of quartz during short-term dissolution 
was indicated by XRD data (Fig. 5 and Table 1 ). Highly- 
corroded quartz grains exhibiting coatings that are made up 
of  iron, aluminum, and titanium oxides, as well as kaolinite, 
are a common feature in Oxisols (Eswaran and Stoops, 1979: 
Padmanabhan and Mermut, 1996). Herbillon (1980) has 
reviewed the considerable body of experimental evidence 
for quartz weathering of  this type as the major source of 
soluble Si in Oxisols. Once in solution, Si can retard the 
weathering of  kaolinite, especially if biocycling of the ele- 
ment by the vegetation canopy occurs (Herbillon, 1980; Lu- 
cas et al., 1993). Silica in solution also is known to retard 
the dissolution of  aluminum and iron oxides (Brunn Hansen 
et al., 1994). In our experiments, the Si concentration in the 
supernatant solutions was always greater than 2 mol m ~3, 
indicating metastable equilibrium with colloidal silica 
(Dove, 1995). Calculation of the quartz mass loss, based on 
Si concentrations in the supernatant solutions that correspond 
to the experimental conditions in Fig. 5, leads to estimates 
of  about 8 - 9  wt% reduction for soils MF1 and MC, in 
reasonable agreement with the reductions calculated from 
the results of  direct XRD measurement (Table 1 ). 

5. CONCLUSIONS 

The point of minimum dissolution (p.m.d.) observed by 
Chorover and Sposito (1995b) for the release of  AI and Fe 
after 3 h dissolution was shown to be an artifact resulting 
from the superposition of  two pH- and time-dependent physi- 
cochemical processes: metal solubilization/readsorption and 
colloidal dispersion. At - l o g  [H +] > p.z.n.c., siliceous col- 
loids containing A1 and Fe are gradually dispersed into the 
aqueous phase and can contribute to the total metal concen- 
tration as measured conventionally by ICPAES. A distinct 
p.m.d, occurs, for any period of dissolution <12  h, if the 
colloidal dispersion process becomes significant only at a pH 
value well above that at which significant metal readsorption 
begins (Fig. 1, soil MC) .  A p.m.d, will not appear (Fig. 1, 
soil MF1 ) if colloidal dispersion initiates at a pH value that 
is competitively close to that at which metal readsorption 
begins. Increasing organic matter content, as in soil MF1 
relative to soil MC, favors this latter situation. 

Kaolinite and iron oxides were found to be unaffected 
by the short time ( <  12h) dissolution process investigated. 
Evidence for iron oxides as both coatings and occlusions: 
for Mn 2+ as an occluded outer-sphere surface complex on 
kaolinite; and for organic matter as a separate solid phase 
(as opposed to being a mineral coating) was adduced from 
DRS and ESR spectra. Quartz, by contrast, was observed to 
dissolve significantly during 12 h of dissolution (Table 1 
and Fig. 5),  producing Si concentrations > 2  mol m 3 that 
are consistent with the formation of colloidal silica. This 
phenomenon, well known as a major feature of Oxisol 
weathering (Herbillon, 1980), can serve to preserve kaolin- 
ite in these soils when it is coupled to the natural biocycling 
of  Si (Lucas et al., 1993). 
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